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(57) A semiconductor dynamic memory device
comprising: a source diffusion layer (6) formed on a
semiconductor substrate and connected to a fixed po-
tential line; a plurality of columnar semiconductor layers
(2) arranged in a matrix form and formed on the source
diffusion layer and each having one end connected to
the source diffusion layer commonly, the columnar sem-
iconductor layer taking a first data state with a first
threshold voltage that excessive majority carriers are
accumulated in the columnar semiconductor layer, and

Semiconductor memory device and its manufacturing method

a second data state with a second threshold voltage that
excessive majority carriers are discharged from the co-
lumnar semiconductor layer; a plurality of drain diffusion
layers (5) each formed at the other end of the columnar
semiconductor layer; a plurality of gate electrodes (4)
each opposed to the columnar semiconductor layer via
a gate insulating film, and connected to the word line; a
plurality of word lines (9) each connected to correspond-
ing the gate electrodes; and a plurality of bit lines (8)
each connected to corresponding the drain diffusion lay-
ers, the bit lines being perpendicular to the word lines.
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Description

FIELD OF THE INVENTION

[0001] This invention relates to a dynamic semicon-
ductor memory device (DRAM) and its manufacturing
method.

BACKGROUND OF THE INVENTION

[0002] In conventional DRAM, each memory cells is
made up of a MOS transistor and a capacitor. Employ-
ment of trench capacitor structures and stacked capac-
itor structures has greatly progressed miniaturization of
DRAM. Currently, size of each memory cell (cell size)
has been reduced to the area of 2Fx4F=8F2 where F is
the minimum processible size. That is, the minimum
processible size F has been getting smaller and smaller
through some periods of generation. If the cell size is
generally expressed as oF2, the coefficient o has also
decreased together, and today with F=0.18um, a.=8 has
been realized.

[0003] To continue this trend regarding the cell size or
chip size, it is requested to satisfy 0.<8 for F<18um and
<6 for F<13um, together with further progress of micro
fabrication, it is an important issue how small area each
cell can be formed in. In this connection, there are var-
ious proposals toward reducing the cell size of one-tran-
sistor/one capacitor memory cells to 6F2 or 4F2. How-
ever, practical application of these proposals is not easy
because of the problems such as increase of electrical
interference between adjacent memory cells and diffi-
culties in the manufacturing techniques including
processing and formation of films.

BRIEF SUMMARY OF THE INVENTION

[0004] According to an embodiment of the present in-
vention, there is provided a semiconductor memory de-
vice comprising:

a source diffusion layer formed on a semiconductor
substrate and connected to a fixed potential line;

a plurality of columnar semiconductor layers ar-
ranged in a matrix form and formed on the source
diffusion layer and each having one end connected
to the source diffusion layer commonly, the colum-
nar semiconductor layer taking a first data state with
a first threshold voltage that excessive majority car-
riers are accumulated in the columnar semiconduc-
tor layer, and a second data state with a second
threshold voltage that excessive majority carriers
are discharged from the columnar semiconductor
layer;

a plurality of drain diffusion layers each formed at
the other end of the columnar semiconductor layer;
a plurality of gate electrodes each opposed to the
columnar semiconductor layer via a gate insulating
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film, and connected to the word line;

a plurality of word lines each connected to corre-
sponding the gate electrodes; and

a plurality of bitlines each connected to correspond-
ing the drain diffusion layers, the bit lines being per-
pendicular to the word lines.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005]

Fig. 1 is a diagram that shows a layout of a DRAM
cell array according to an embodiment of the inven-
tion;

Fig. 2 is a cross-sectional view taken along the A-A'
line of Fig. 1;

Fig. 3 is a cross-sectional view taken along the B-B'
line of Fig. 1;

Fig. 4 is a equivalent circuit diagram of the same
DRAM cell array;

Fig. 5 is a diagram that shows a relation between a
word line potential and a bulk potential in the same
DRAM;

Fig. 6 is a diagram for explaining a data read system
of the same DRAM cell;

Fig. 7 is a diagram for explaining a data read system
of the same DRAM cell;

Fig. 8 shows waveforms of read/refresh operations
of data "1" by the same DRAM cell;

Fig. 9 shows waveforms of read/refresh operations
data "0" by the same DRAM cell;

Fig. 10 shows waveforms of read operation of data
"0" and write operation of data "1" by the same
DRAM cell;

Fig. 11 shows waveforms of read operation of data
"1" and write operation of data "1" by the same
DRAM cell;

Fig. 12 is a diagram of the same DRAM cell array
under its manufacturing process;

Fig. 13 is a diagram of the same DRAM cell array
under its manufacturing process;

Fig. 14 is a diagram of the same DRAM cell array
under its manufacturing process;

Fig. 15 is a diagram of the same DRAM cell array
under its manufacturing process;

Fig. 16 is a diagram of the same DRAM cell array
under its manufacturing process;

Fig. 17 is a diagram of the same DRAM cell array
under its manufacturing process;

Fig. 18 is a diagram that shows a further substrate
structure;

Fig. 19 is a cross-sectional view of a further DRAM
cell array;

Fig. 20 is a cross-sectional view of a further DRAM
cell array;

Fig. 21 is a diagram that shows a memory cell struc-
ture according to a further embodiment;

Fig. 22 is a diagram that shows a layout of a DRAM
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cell array according to the same embodiment;

Fig. 23 is a cross-sectional view taken along the
B-B' line of Fig. 22;

Fig. 24 is a cross-sectional view taken along the
A-A' line of Fig. 22;

Fig. 25 is a diagram of the same DRAM cell array
under its manufacturing process;

Fig. 26 is a diagram of the same DRAM cell array
under its manufacturing process;

Fig. 27 is a diagram of the same DRAM cell array
under its manufacturing process;

Fig. 28 is a diagram of the same DRAM cell array
under its manufacturing process;

Fig. 29 is a diagram of the same DRAM cell array
under its manufacturing process;

Fig. 30 is a perspective of the structure obtained
through the process of Fig. 28;

Fig. 31 is a diagram that shows a memory cell struc-
ture according to a still further embodiment;

Fig. 32A is a plan view that shows a pretreatment
process of a substrate according to the same em-
bodiment;

Fig. 32B is a cross-sectional view taken along the
A-A' line of Fig. 32A;

Fig. 33A is a plan view that shows a pretreatment
process of a substrate according to the same em-
bodiment;

Fig. 33B is a cross-sectional view taken along the
A-A' line of Fig. 33A;

Fig. 34 is a plan view of a DRAM cell array according
to the same embodiment;

Fig. 35A is a cross-sectional view taken along the
A-A'line of Fig. 34 to show a manufacturing process
of the same embodiment;

Fig. 35B is a cross-sectional view taken along the
A-A'line of Fig. 34 to show a manufacturing process
of the same embodiment;

Fig. 36A is a cross-sectional view taken along the
A-A'line of Fig. 34 to show a manufacturing process
of the same embodiment;

Fig. 36B is a cross-sectional view taken along the
A-A'line of Fig. 34 to show a manufacturing process
of the same embodiment;

Fig. 37A is a cross-sectional view taken along the
A-A'line of Fig. 34 to show a manufacturing process
of the same embodiment;

Fig. 37B is a cross-sectional view taken along the
A-A'line of Fig. 34 to show a manufacturing process
of the same embodiment;

Fig. 38A is a cross-sectional view taken along the
A-A'line of Fig. 34 to show a manufacturing process
of the same embodiment;

Fig. 38B is a cross-sectional view taken along the
A-A'line of Fig. 34 to show a manufacturing process
of the same embodiment;

Fig. 39A is a cross-sectional view taken along the
A-A'line of Fig. 34 to show a manufacturing process
of the same embodiment; and
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Fig. 39B is a cross-sectional view taken along the
A-A'line of Fig. 34 to show a manufacturing process
of the same embodiment.

DETAILED DESCRIPTION OF THE INVENTION

[0006] Embodiments of the invention will now be ex-
plained below with reference to the drawings.

First Embodiment

[0007] Fig. 1 is a diagram that shows a layout of a
DRAM cell array according to an embodiment of the in-
vention, and Figs. 2 and 3 are cross-sectional views tak-
en along the A-A' and B-B' lines of Fig. 1, respectively.
Columnar silicon layers are formed in positions of re-
spective memory cells MC by processing a p-type sili-
con substrate 1. Each memory cell MC is composed of
a vertical MOS transistor formed by using the columnar
silicon layer 2.

[0008] More specifically, the transistor of each mem-
ory cell MC is an NMOS transistor in which a gate elec-
trode is formed to surround the columnar silicon layer 2
via a gate insulating film 3 and an n*-type source diffu-
sion layer 6 is formed at the bottom. This transistor struc-
ture is disclosed as so-called "SGT" in the paper "Impact
of Surrounding Gate Transistor (SGT) for high density
LSI's" by H. Takato et al. (IEEE Transactions on Electron
Devices, vol. 38, No. 3, pp. 573-577, March 1991).
[0009] It is important for the source diffusion layer 6
formed at the bottom of the columnar silicon layer 2 to
lie across the full extent of the bottom of the columnar
silicon layer 2 to electrically insulate the p-type region
of the columnar silicon layer 2 from the p-type region of
the substrate 1. Thereby, in each memory cell MC, the
columnar silicon layer 2 is held floating and can be con-
trolled in bulk potential to enable dynamic recording op-
eration by one transistor according to the invention, as
explained later. In addition, the source diffusion layer 6
is formed to cover the entire surface of the substrate 1
to behave as a fixed potential line SS common to all
memory cells MC.

[0010] The gate electrodes 4 surrounding the colum-
nar silicon layer 2 are formed of a polycrystalline silicon
film. By maintaining the same polycrystalline silicon film
as the gate electrodes 4 continuously in one direction of
the cell array, word lines (WL) 9 commonly connecting
the gate electrodes 4 are formed. The surface having
formed the transistors is covered by an inter-layer insu-
lating film 7, and bit lines 8 are formed thereon. The bit
lines 8 extend in the direction orthogonal to the word
lines 9, and are connected to drain diffusion layers 5 of
respective memory cells MC.

[0011] In this DRAM cell array, if the word lines 9 and
the bit lines 8 are processed with lines and spaces of
the minimum processible size F, as shown in Fig. 1, its
unit cell area is 2Fx2F=4F2,

[0012] Fig. 4 shows a equivalent circuit of this DRAM
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cell array. Each memory cell MC is composed only of a
single NMOS transistor. Drains are connected to bit
lines BL, gates are connected to word lines WL and
sources are commonly connected to a fixed potential
line SS. In this case, sense amplifiers SA are connected
in an open bit line system, and a pair of bit lines BL, BBL
of cell arrays disposed at opposite sides of each sense
amplifier are connected to the sense amplifier SA.
Therefore, although not shown, at least one dummy cell
is disposed in each of the cell arrays associated with bit
lines BL, BBL.

[0013] Operation principle of the DRAM cell mad up
of the NMOS transistor utilizes excessive accumulation
of holes that are majority carriers in the bulk region (p-
type columnar silicon layer 2 insulated and isolated from
others) of the MOS transistor. More specifically, a pre-
determined positive potential is applied to the gate elec-
trode while a large channel current is supplied from the
drain diffusion layer 5, thereby to generate hot carriers
by impact ionization and have the silicon layer 2 exces-
sively hold holes that are majority carriers of the silicon
layer 2. The excessive hold storage state (with a higher
potential than in the thermal equilibrium state) is deter-
mined as data "1", for example. The state, in which the
pn junction between the drain diffusion layer 5 and the
silicon layer 2 is forwardly biased and excessive holes
in the silicon layer 2 are released to the drain side, is
determined as data "0".

[0014] Data "0" and "1" are different potentials of the
bulk region, and they are stored as a difference of
threshold voltages of the MOS transistor. That is, thresh-
old voltage Vth1 in the sate of hi potential data "1" of the
bulk region by storage of holes is lower than threshold
voltage VthO in the state of data "0". In order to maintain
the data "1" state accumulating majority carriers, holes,
in the bulk region, it is necessary to apply a negative
bias voltage to the word line WL. In this data holding
state, read operation may be done as far as write oper-
ation of the opposite data (erase) is not effected. That
is, unlike a one-transistor/one-capacitor DRAM relying
charge storage of a capacitor, non-destructive read-out
is possible.

[0015] There are some data read-out systems. Rela-
tion between a word line potential Vwl and a bulk poten-
tial VB is as shown in Fig. 5 in the relation between data
"0"and "1". Therefore, a first data read-out method sup-
plies the word line WL with a read-out potential that is
an intermediate value between the threshold voltages
VthO and Vth1 of the data "0" and "1", and utilizes the
phenomenon that no current flows in memory cells with
data "0" but a current flows in memory cells with data
"1". More specifically, for example, the bit line BL is pre-
charged to a predetermined potential VBL, and the word
line WL is driven later. As a result, as shown in Fig. 6,
in case of data "0", no change occurs in the bit line pre-
charge potential VBL, and in case of data "1", the pre-
charge potential VBL decreases.

[0016] A second read-out system supplies the bit line
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BL with a current after activating the word line WL, and
utilizes a difference in rising speed of the bit line poten-
tial, depending upon conductivities of "0" and "1". Sim-
ply, the bit line BL is precharged to 0 V, and the word
line WL is activated as shown in Fig. 7, thereby to supply
the bit line current. At that time, by detecting the differ-
ence in rising speed of the potential in the bit line, data
can be distinguished.

[0017] A third read-out system reads a difference be-
tween bit line currents that are different depending on
"0" and "1" when the bit line BL is clamped to a prede-
termined potential. To read out the current difference, a
current-voltage converting circuit is necessary. Finally,
however, a sense output is issued through differential
amplification of the potential difference.

[0018] In the present invention, in order to selectively
write data "0", that is, to ensure that holes are emitted
only from the bulk region of a memory cell selected by
potentials of a selected word line WL and a bit line BL
from the memory cell array, capacity coupling between
the word line WL and the bulk region is essential. The
state of data "1", with excessive holes stored in the bulk
region, has to be maintained in the state where the word
line WL is sufficiently biased to the negative direction,
and the gate/bulk interstitial capacity of the memory cell
becomes equal to the gate oxide film capacity (in which
no depletion layer is formed on the surface).

[0019] Additionally, write operation is preferably ef-
fected by writing pulses for both "0" and "1" to save pow-
er consumption. Upon writing "0", although a hole cur-
rent flows from the bulk region of the selected transistor
to the drain and an electron current flows from the drain
to the bulk region, it does not occur that holes are inject-
ed to the bulk region.

[0020] More concrete operation waveforms will be ex-
plained. Figs. 8 through 11 show waveforms of read/re-
fresh and read/write operations in case of using the first
read-out system configured to distinguish data depend-
ing on the presence or absence of discharge to the bit
line by the selected cell. Assume that the reference po-
tential given to the fixed potential line SS commonly con-
necting the sources of all memory cells MC is o V.
[0021] Figs. 8 and 9 are waveforms of read/refresh
operations of data "1" and data "0", respectively. Up to
the time t1, the memory is in the data holding state (non-
selected state), and the word line WL is supplied with a
negative potential. At the time t1, the word line WL is
raised to a predetermined positive potential. At thattime,
the word line potential is adjusted to a value between
the threshold values Vth0 and Vth1 of data "0" and "1".
As a result, in case of data "1", the precharged bit line
VBL is becomes a low potential due to a discharge. In
case of data "0", the bit line potential VBL is maintained.
Thereby, data "1" and "0" are distinguished.

[0022] At the time t2, potential of the word line WL is
further raised, and at the same time, a positive potential
is applied to the bit line BL (Fig. 8) when the read-out
data is "1" whereas a negative potential is applied to the
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bit line BL (Fig. 9) when the read-out data is "0". As a
result, if the data of the selected memory cell is "1", a
large channel current flows and causes impact ioniza-
tion, and excessive holes flow into the bulk region and
have the memory write data "1" again. In case of data
"0", the drain junction is forwardly biased, and holes are
emitted from the bulk region and have the memory write
data "0" again.

[0023] At the time t3, the word line WL is negatively
biased, thereby to complete the read/refresh opera-
tions. In the other non-selected memory cells connected
to the bit line BL commonly with the memory cell from
which data "1" has been read out, since the word lines
WL are held in negative potentials, that is, the bulk re-
gion is held in a negative potential, no channel current
flows, and writing does not occur. Also in the other non-
selected memory cells connected to the bit line BL com-
monly to the memory cell from which data "0" has been
read out, the word line WL are held in negative poten-
tials, and emission of holes does not occur.

[0024] Figs. 10 and 11 are waveforms of read/write
operations of data "1" and data "0" by the same read-
out system. Read-out operations at the time t1 in Figs.
10 and 11 are the same as those of Figs. 8 and 9, re-
spectively. After reading, at the time t2, the word line WL
is raised to a high potential, and in case of writing data
"0" in the same selected cell, a negative potential is si-
multaneously applied to the bit line BL (Fig. 10). In case
of writing data "1", a positive potential is applied to the
bit line BL (Fig. 11). As a result, in the cell to which the
data "0" is given, the drain junction is forwardly biased,
and holes in the bulk region are emitted. In the cell to
which the data "1" is given, a channel current flows, im-
pactionization occurs, and holes are accumulated in the
bulk region.

[0025] As explained above, the DRAM cell according
to the invention is made of SGT having the floating bulk
region electrically isolated from others, and enables re-
alization of the cell size of 4F2. In addition, potential con-
trol of the floating bulk region is attained by using the
capacity coupling from the gate electrode, without using
back gate control, and the source diffusion layer is fixed
in potential as well. That is, control of read/write opera-
tions is easily accomplished only by the word line WL
and the bit line BL. furthermore, since the memory cell
is basically can be read in a non-destructive mode, it is
not necessary to provide the sense amplifier for each bit
line, and layout of the sense amplifiers is easy. Moreo-
ver, because of the current read-out system, it has a re-
sistance to noise, and reading is possible even in the
open bit line system.

[0026] Inaddition, by utilizing SGT using the columnar
silicon layer as the memory cell, a lot of effects are ob-
tained. In the memory cell based on the operation prin-
ciple according to the invention as explained above, it
is desirable that the bulk potential changes faithfully fol-
lowing to the word line (gate electrode). Thereby, charg-
es accumulated in the bulk region can be held without
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turning on the pn junction. In normal horizontal MOS
transistors, capacity between the gate electrode, i.e. the
word line, and the bulk region becomes smaller as the
transistor is miniaturized, and the capacity of the source
and drain pn junction cannot be disregarded.

[0027] In contrast, when the SGT structure is used,
since the channel region surrounds the columnar silicon
layer and the channel length is determined by the height
of the columnar silicon layer, a large channel length can
be obtained independently from the horizontal size de-
termined by lithography. In other words, without increas-
ing the horizontal area, a large channel length can be
realized within substantially the same area as the bit line
contact. Therefore, capacity coupling between the word
line and the bulk region can be increased, and reliable
operation control by controlling the bulk potential from
the word line is ensured.

[0028] Further, in the memory cell according to the in-
vention, it is desirable that the threshold value change
largely relative to changes of the bulk potential. This can
be also realized easily by employing the SGT structure.
That is, by producing a concentration profile in the sub-
strate in its thickness direction such that the substrate
impurity concentration is high in a central portion of the
channel and the channel concentration near the pn junc-
tion is low, changes of the threshold value relative to
changes of the bulk potential can be enlarged by the
substrate biasing effect while minimizing the junction
leakage. furthermore, by reducing the top area of the
columnar silicon layer for contact with the bit line, the pn
junction capacity connected to the bit line can be re-
duced, and this also contributes to relatively increasing
the capacity coupling ratio of the word line and the bulk
region. Further, as a result, since the bit line capacity
also decreases, the charge and discharge current of the
bit line capacity upon read and write operations is dimin-
ished, and higher speed and lower power consumption
are attained thereby.

[0029] A concrete manufacturing process of the cell
array explained with reference to Figs. 1 through 3 is
next explained with reference to Figs. 12 through 17 that
are cross-sectional views corresponding to the cross-
sectional view of Fig. 2, showing different steps of the
manufacturing process.

[0030] As shown in Fig. 12, after a buffering silicon
oxide film 11 is formed to a thickness around 10 nm on
a p-type silicon substrate 1, a silicon nitride film 12, ap-
proximately 200 nm thick, is formed thereon, and a resist
13 is formed and patterned thereon by lithography.
[0031] After that, as shown in Fig. 13, using the resist
13 as a mask, the silicon nitride film 12 and the silicon
oxide film 11 are etched, and the silicon substrate 1 is
further etched to make channels 14 extending in cross-
ing directions and thereby form the columnar silicon lay-
ers 2. After than, the resist 13 and the silicon nitride film
12 are removed, As ions are implanted, and as shown
in Fig. 14, diffusion layers 6, 5 to be used as sources
and drains, respectively, are formed on tops of the chan-
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nels 14 and the columnar silicon layers 2.

[0032] Thereafter, as shown in Fig. 15, a gate oxide
film 3 is formed on and around the columnar silicon lay-
ers 2, by thermal oxidation, and a polycrystalline silicon
film 40 for forming gate electrodes is formed subse-
quently. Through the thermal oxidation process includ-
ing gate oxidation and subsequent thermal process, the
n*-type source diffusion layers 6 formed at bottoms of
the channels 14 diffuse laterally. As a result, p-type re-
gions of the columnar silicon layers 2 and p-type regions
of the substrate 1 are electrically isolated by the source
diffusion layer 6.

[0033] After that, the entire surface of the polycrystal-
line silicon film 40 is etched by RIE to form the gate elec-
trodes 4 only on side walls of the columnar silicon layers
2 as shown in Fig. 16, In this etching process, however,
spaces between the columnar silicon layers 2 aligned
in the direction orthogonal to the sheet of Fig. 16 are
covered with a resist. As a result, as shown in figs. 1
and 3, word lines 9 are made of the same polycrystalline
silicon film 40 to connect the gate electrodes 4.

[0034] After that, a silicon oxide film is formed as
shown in Fig. 17, and it is leveled by CMP to form the
inter-layer insulating film 7. Subsequently, after contact
holes are formed at positions of the columnar silicon lay-
ers 2, an Al film is formed and patterned to form bit lines
8, as shown in Fig. 2. Usable as the bit lines 8 are other
metal films of W, etc., for example, instead of the Al film,
or films of other conductive materials, such as or poly-
crystalline silicon. Thereafter, although not shown, an
inter-layer insulating film is formed to make wirings for
connection to peripheral circuits. The source diffusion
layer 6 formed at bottoms of the columnar silicon layers
2 is connected to a signal line fixed in potential, such as
a grounded line, at a peripheral portion of the cell array.
[0035] Through the manufacturing processes ex-
plained above, a cell array composed of single-transis-
tor memory cells having the SGT structure using a small
cell area and ensuring a large gate capacity can be ob-
tained.

[0036] Inthe example explained above, the columnar
silicon layers 2 are completely isolated electrically from
the substrate by using lateral diffusion of the source dif-
fusion layer 6. This is easy when the diameter of each
columnar silicon layer 2 is sufficiently small, but it is not
always easy when the diameter is relatively large. In that
case, it is desirable that an n*-type layer to be used as
the source diffusion layer 6 is built in the substrate be-
forehand. That is, a structure as shown in Fig. 18 is pre-
viously prepared as the silicon substrate 1.

[0037] This structure can be obtained, for example,
by using a p-type layer 20 as the substrate, then forming
an n*-type buried layer 21 on the entire surface of the
p-type layer 20, and next epitaxially growing a p-type
silicon layer 22. Alternatively, the substrate of Fig. 18
can be made by preparing independent silicon sub-
strates as the p-type layers 20, 21, then forming the n*-
type layer 21 on one of them, and thereafter bonding
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them directly. Using such an epitaxial substrate or a
bonded substrate, once the columnar silicon layers are
formed by etching the substrate to the depth of the n*-
type layer 21, reliable electric isolation between the co-
lumnar silicon layers and the substrate is ensured.
[0038] It is not indispensable that bottoms of the co-
lumnar silicon layers are completely closed by the n*-
type layer 6. For example, as shown in Fig. 19, even
when the n*-type layers 6 extending from bottoms of the
channels do not completely traverse the columnar sili-
con layers 2, only if the depletion layers 23 extending
from portions encircling the columnar silicon layers 2 to-
ward their centers connect to each other under zero bi-
as, p-type regions of the columnar silicon layers 2 and
p-type regions of the substrate 1 are electrically isolat-
ed.

[0039] Fig. 20 shows a cross section of another cell
array structure, which corresponds to Fig. 2. In this ex-
ample, top portions of the columnar silicon layers 2 are
tapered to diminish the diameter toward the tops. In this
manner, contact area of each drain diffusion layers 5
formed on top ends of the columnar silicon layers 2 with
the bit line 8 can be reduced.

[0040] Inthe examples explained heretofore, junction
between the n*-type source region 6 and the drain dif-
fusion layers 5 with the p-type silicon layer 2 is prefera-
bly graded junction in which the n*-type layer joins the
p-type layer via an n-type layer gradually decreased in
concentration, instead of step-like junction. In this man-
ner, junction leakage can be reduced, and the junction
capacity can be reduced as well. Even when this junc-
tion structure is used, since the height of the columnar
silicon layers ensure the channel length, unlike the hor-
izontal transistors, a sufficiently high p-type impurity
concentration can be ensured in the central portions of
the channels. Therefore, it is convenient for dynamic re-
cording operation by bulk potential control using the
gate capacity.

Second Embodiment

[0041] The first embodiment has been explained
above as using as memory cells MC the transistors hav-
ing the SGT structure in which side wall surfaces of the
columnar silicon layers are used as channel regions. In
contrast, although using a single transistor in form of a
columnar silicon layer as each memory cell MC, the sec-
ond embodiment has the transistor shown in Fig. 21.
That is, a columnar silicon layer 102 formed on a silicon
substrate 101 is used as an active layer, a gate electrode
104 is provided to lie across the columnar silicon layer
102 and oppose to the top surface and opposite side
surfaces of the columnar silicon layer 102 via a gate in-
sulating film 103, and drain and source diffusion layers
are formed at opposite sides of the gate electrode 104.
the columnar silicon layer 102 is held floating by an in-
sulating film buried at the bottom thereof.

[0042] Fig. 22 shows a layout of a DRAM cell accord-
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ing to the instant embodiment, and Figs. 23 and 24 are
cross-sectional views taken along the A-A' and B-B'
lines of Fig. 22. As explained later, used as the columnar
silicon layer 102 is a p-type silicon layer epitaxially
grown on the silicon substrate 101. Active layer 102,
which are convex silicon layers obtained by processing
the p-type silicon layer, are arranged in a pattern of a
grating such that each drain diffusion layer is shared by
active layers 102 of different memory cells MC adjacent
to each other in the bit line direction and the source dif-
fusion layer is continuously formed in the word line di-
rection as a common source line.

[0043] Atthe bottom of each active layer 102, a silicon
oxide film 110 is buried. A silicon oxide film 111 is buried
also in each device isolating region. Then, the gate elec-
trode 104 is formed as a word line that lies across the
active layer 102 and opposes to its three surfaces. the
n*-type source and drain diffusion layer 105 are formed
in self alignment with the gate electrode 104. The sur-
face having formed the transistors is covered with an
inter-layer insulating film 106, and bit lines 107 are
formed thereon.

[0044] In this manner, operation principle of the
DRAM cell array using a single NMOS transistor as each
memory cell MC is the same as that of the foregoing first
embodiment. As already explained with the first embod-
iment, magnitude of the capacity coupling from the gate
electrode to the floating bulk region is important for data
write/read operations. Also in this embodiment, since
the gate electrode 104 is opposed to three surfaces of
the active layer 102 made of the columnar silicon layer,
a large coupling capacity is obtained, and a favorable
property is obtained.

[0045] A manufacturing process for obtaining the cell
array structure according to the second embodiment is
next explained with reference to Fig. 25 et seq., which
show the cross section corresponding to the cross sec-
tion shown in Fig. 23. As shown in Fig. 25, the silicon
oxide film 110 is formed on locations of silicon substrate
101 where silicon layers should be formed later as active
regions having a grating pattern, with a certain tolerance
for misalignment. Thereafter, as shown in Fig. 26, a p-
type silicon layer 1020 is epitaxially grown on the silicon
substrate 101.

[0046] Next as shown in Fig. 27, a buffering silicon
oxide film 120 and a silicon oxide film 121 are formed
on the silicon layer 1020, and a resist 123 is formed and
patterned thereon to cover the regions to be used as
active regions by lithography. By RIE using this resist
pattern 123, the silicon nitride film 121, silicon oxide film
121 and silicon layer 1020 are etched sequentially. Con-
secutively, the silicon oxide film 110 is etched and the
exposed silicon substrate 101 is also etched to a prede-
termined depth.

[0047] As a result, the active layer 102 having a con-
vex grating pattern of the p-type silicon layer 1020,
which is the epitaxially grown layer, is obtained. At the
bottom thereof, the silicon oxide film 110 is buried.
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Thereafter, by forming the silicon oxide film 111, leveling
it by CMP, and processing it by etch-back using RIE, the
configuration where the silicon oxide film 111 is buried
approximately up to the surface level of the silicon oxide
film 110 is obtained as shown in Fig. 28. The silicon ox-
ide film 111 is used as the device isolating insulation film
for isolating respective transistors in their lateral direc-
tion.

[0048] The configuration shown in Fig. 28 is illustrated
in a perspective view in Fig. 30. The p-type active layer
102 is shaped into a grating pattern, and the device iso-
lating insulation film is buried in spaces. Subsequently,
as shown in Fig. 29, after the gate insulating film 103 is
formed on surfaces of the p-type active layer 102 (three
surfaces including the top surface and opposite side sur-
faces), a polycrystalline silicon film is formed and pat-
terned to form the gate electrodes 104 which will be-
come the word lines.

[0049] After that, as shown in Fig. 24, using the gate
electrodes 104 as a mask, As ions are injected to form
the source and drain diffusion layers 105. These diffu-
sion layers 105 herein has a depth enough to reach the
buried silicon oxide film 110 as shown in Fig. 24. As a
result, the p-type bulk region of the transistors can be
held floating to be independently controlled in potential.
Thereafter, the inter-layer insulating film 106 is formed,
contact holes are formed in locations thereof corre-
sponding to the drain diffusion layers, and bit lines 107
are formed to intersect with the word lines.

Third Embodiment

[0050] Fig. 31 shows an embodiment using still an-
other transistor structure to make up memory cells MC.
On top, bottom and opposite side surfaces of an active
layer 202 formed on a silicon substrate 201, a gate in-
sulating film 203 is formed, and a gate electrode 204 is
formed to lie across the active layer 202 and oppose to
the top, bottom and opposite side surfaces of the active
layer 202. At opposite sides of the gate electrode 204,
source and drain diffusion layers are formed. Fig. 31 il-
lustrates the active layer 202 as floating from the sub-
strate 201. Actually, however, this structure is made by
using a technique of making holes inside a silicon sub-
strate as explained later, and the active layer 202 is not
floating.

[0051] Here again, the DRAM cell array is made by
using a single NMOS ftransistor as each memory cell
MC, write and read operations of data are effected in
the same manner as the first and second embodiments.
Also in this case, as already explained with reference to
the first embodiment, magnitude of the capacity cou-
pling from the gate electrode to the floating bulk region
is important for data write/read operations. Since the
gate electrode 204 is opposed to the top and bottom sur-
faces of the active layer 202 mad of the columnar silicon
layer, a large coupling capacity is obtained, and a favo-
rable property is obtained.
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[0052] A manufacturing method of the DRAM cell ar-
ray according to the third embodiment is explained be-
low in greater detail with reference to Fig. 32A et seq.
First, pipe-shaped voids are formed in the silicon sub-
strate 201. for this purpose, as shown in Fig. 32A and
its A-A' cross-sectional view, Fig. 32B, a number of
trenches 304 are formed in the silicon substrate 201 to
extend in the word line directions in regions for forming
word lines later in by using the same technique as used
for trench-type DRAM. More specifically, a buffering sil-
icon oxide film 301, silicon nitride film 302 are formed,
a resist 303 is formed and patterned thereon, and the
silicon substrate 201 is etched by RIE, thereby to make
the trenches 304. The trenches 304 are arrange densely
in the word line direction and thinly in the direction or-
thogonal thereto. Depth of each trench 304 is several
times its diameter.

[0053] Then, after the resist 303 is removed and the
silicon nitride film 302 and the silicon oxide film 301 are
removed as well, the substrate is annealed in a hydro-
gen atmosphere approximately at 1100°C. In this proc-
ess, surface migration occurs, and due to movements
of silicon atoms, openings of the trenches 30-4 are
closed, and here is obtained a structure having a plural-
ity of buried voids 305 in which voids are aligned con-
tinuously in form of pipes in the direction where the
trenches are densely arranged. Figs. 33A and 33B show
the layout of this state and its A-A' cross-section.
[0054] The technique making pipe-shaped voids in-
side the silicon substrate in this manner is taught in de-
tail in the paper disclosed by T. Sato et al, "A New Sub-
strate Engineering for Formation Empty Space in Silicon
(ESS) Induced by Silicon Surface Migration" (IEDM '99,
Technical Digest, pp. 517-520).

[0055] In this manner, using the silicon substrate 201
having buried voids 304, as shown in Fig. 34, active re-
gions partitioned in a grating form by the device isolating
region 306 are formed to obtain a cell array having the
word lines 204 overlapping the voids 305 and the bit
lines 204 extending orthogonally thereto. More specifi-
cally, a part of the manufacturing process from the de-
vice isolating process to the device forming process is
explained below with reference to Fig. 35A, Figs 35B
through 39A and 39B which are A-A' cross-sectional
views and B-B' cross-sectional views of Fig. 34, respec-
tively.

[0056] Firstreferring to Figs. 35A and 35B, the silicon
oxide film 310 and the silicon nitride film 311 are formed,
and aresist 312 is formed and patterned thereon to cov-
er the active layer regions. Then, the silicon nitride film
311 and the silicon oxide film 310 are etched by RIE,
and the silicon substrate 201 is etched as well, thereby
to form the device isolating channels 313, The device
isolating channels 313 are formed to be deeper than the
voids 305. As a result, the columnar (convex) active lay-
ers 202 in which the voids 305 transversely pass
through are formed in respective transistor forming re-
gions. Actually, the active layers 202 are formed in a
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grating-shaped continuous pattern similarly to the sec-
ond embodiment to form each drain diffusion layer to be
shared by transistors adjacent in the bit line direction
and to form each source diffusion layer to be shared by
transistors adjacent in the word line directions.

[0057] After that, as shown in Figs. 36A and 36B, the
silicon nitride film 311 and the silicon oxide film 310 are
removed by etching, and another silicon oxide film 315
is formed and processed by etch-back to obtain a struc-
ture where the silicon oxide film 315 is buried in the de-
vice isolating channels 313 to function as device sepa-
rating insulation films. Surfaces of the silicon oxide films
315 are approximately aligned with bottoms of the voids
305 not to close openings of the voids 305 passing
through the active layers 202.

[0058] After that, as shown in Figs. 37A and 37B, a
gate insulating film 203 is formed, and a gate electrode
204 made of a polycrystalline silicon film to be used as
word lines are formed and patterned along the voids
305. The top surface of the gate electrode 204 is kept
covered by the silicon nitride film 316. The gate insulat-
ing film 203, when formed by thermal oxidation, is
formed not only on the top surface of the active layer
202 but also on inner walls of the voids 305. The gate
electrode 204 is buried also in the voids 305. that is,
gate electrode portions 204a formed on the top surface
of the active layer 202 and the gate electrode portions
204b buried in the voids 305 are connected at end por-
tions of the voids 305 to extend continuously as word
lines. In other words, transistors are formed having the
top and bottom surfaces and continuous side surfaces
of the active layer 202 as their channels. This transistor
structure is a SGT structure rotated by 90°C from that
of the first embodiment.

[0059] After that, as shown in figs. 38A and 38B, a
silicon nitride film 317 is formed and processed by etch-
back by RIE to remain only on side walls of the gate
electrode, and source and drain diffusion layers 206 are
formed by doping As ions. The source and drain diffu-
sion regions 206 are formed to be deeper than the top
end level of the voids 305. As a result, the bulk region
of each transistor can be held floating by electrical iso-
lation by the gate insulating film 203, diffusion layers and
device isolating insulation film.

[0060] After that, as shown in Figs. 39A and 39B, the
inter-layer insulating film 207 is formed, contact holes
are made in the drain diffusion layer regions, and bit
lines 205 are formed to extend orthogonally to the word
lines. In this case, even if the contacts overlap the word
lines due to misalignment between the bit line contacts
and the word lines, since there is the silicon nitride film
on the top and side surfaces of the word lines, they be-
have as a protective film of the contacts during the etch-
ing process of the silicon oxide film, and the bit lines and
the word lines are prevented from short circuit. As a re-
sult, the word lines can be arranged in minimum pitches.
[0061] The single-transistor memory cell MC accord-
ing to the instant invention executes dynamic write/read
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operations according to the same principle as that of the
first embodiment. Similarly to the SGT structure, since
the gate electrode is formed to encircle the silicon layer
and oppose to four surfaces thereof, a large gate capac-
ity can be obtained from a small cell area, and therefore,
favorable write and read characteristics are obtained.

[0062] The transistor structures according to the sec-
ond and third embodiments are applicable not only to
single-transistor DRAM cells but also to, in general, in-
tegrated circuits integrating transistors having a large
gate capacity with a small area. In case of the third em-
bodiment, top and bottom portions of the silicon layer
are used as channels, it is possible to use only one of
them as a channel. For example, a transistor using only
the top wall of the void 305 as the channel can be made.
[0063] As described above, according to the inven-
tion, it is possible to provide a semiconductor memory
device capable of dynamic recording of binary data with
fewer signal lines by using single-transistor memory
cells having a gate large capacity with a small cell area.

Claims
1. A semiconductor memory device comprising:

a source diffusion layer formed on a semicon-
ductor substrate and connected to a fixed po-
tential line;

a plurality of columnar semiconductor layers ar-
ranged in a matrix form and formed on said
source diffusion layer and each having one end
connected to said source diffusion layer com-
monly, said columnar semiconductor layer tak-
ing a first data state with a first threshold volt-
age that excessive majority carriers are accu-
mulated in said columnar semiconductor layer,
and a second data state with a second thresh-
old voltage that excessive majority carriers are
discharged from said columnar semiconductor
layer;

a plurality of drain diffusion layers each formed
at the other end of said columnar semiconduc-
tor layer;

a plurality of gate electrodes each opposed to
said columnar semiconductor layer via a gate
insulating film, and connected to said word line;
a plurality of word lines each connected to cor-
responding said gate electrodes; and

a plurality of bit lines each connected to corre-
sponding said drain diffusion layers, said bit
lines being perpendicular to said word lines.

2. The semiconductor memory device according to
claim 1 wherein said source diffusion layer is made
as a planar shape and commonly connects said co-
lumnar semiconductor layers arranged along said
bit lines and said word lines.
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3.

The semiconductor memory device according to
claim 1 wherein said source diffusion layer is formed
to commonly connect said columnar semiconductor
layers aligned along each said bit line.

The semiconductor memory device according to
claim 1 wherein said source diffusion layeris formed
to commonly connect said columnar semiconductor
layers aligned along each said word line.

The semiconductor memory device according to
claim 1 wherein each said columnar semiconductor
layer is formed by processing said semiconductor
substrate, and said source diffusion layer is formed
at the bottom portions of said columnar semicon-
ductor layers to keep said columnar semiconductor
layers floating state where said columnar semicon-
ductor layers are electrically isolated from said sem-
iconductor substrate.

The semiconductor memory device according to
claim 1 wherein said first data state is set by holding
in said columnar semiconductor layer supplied with
a predetermined potential from said gate electrode
an excessive amount of majority carriers generated
by impact ionization caused by flowing a channel
current from said drain diffusion layer to said colum-
nar semiconductor layer, and said second data
state is set by discharging excessive majority carri-
ers in said columnar semiconductor layer supplied
with a predetermined potential from said gate elec-
trode to said drain diffusion layer by applying a for-
ward bias between said drain diffusion layer and
said columnar semiconductor layer.

The semiconductor memory device according to
claim 1 wherein said semiconductor substrate is a
p-type silicon substrate.

The semiconductor memory device according to
claim 1 wherein, upon a date write operation, said
fixed potential line is set at a reference potential and
wherein a first potential higher than said reference
potential is applied to a selected word line, a second
potential lower than said reference potential is ap-
plied to non-selected word lines, and a third poten-
tial higher than said reference potential and a fourth
potential lower than said reference potential are ap-
plied to said bit lines depending upon said first and
second data states, respectively.

The semiconductor memory device according to
claim 8 wherein, upon a data read operation, a fifth
potential between said first threshold voltage and
said second threshold voltage and higher than said
reference potential is applied to a selected word
line, to detect whether a selected memory cell is in
a conduction state or in a non-conduction state.
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10. The semiconductor memory device according to

claim 8 wherein, upon a data read operation, a fifth
potential higher than said first and second threshold
voltages and higher than said reference potential is
applied to a selected word line, to detect conductiv-
ity of a selected memory cell.

11. A semiconductor memory device comprising:

a plurality of columnar semiconductor layers
formed on a semiconductor substrate via an in-
sulating film, and each taking a first data state
with a first threshold voltage that excessive ma-
jority carriers are accumulated in said columnar
semiconductor layer, and a second data state
with a second threshold voltage that excessive
majority carriers are discharged from said co-
lumnar semiconductor layer;

a plurality of source diffusion layers each
formed at one-side ends of said columnar sem-
iconductor layer and connected to a fixed po-
tential line;

a plurality of drain diffusion layers each formed
at the other ends of said columnar semiconduc-
tor layer;

a plurality of gate electrodes each opposed to
said columnar semiconductor layer via a gate
insulating film, and connected to said word
line;.

a plurality of word lines each connected to cor-
responding said gate electrodes; and

a plurality of bit lines each connected to corre-
sponding said drain diffusion layers, said bit
lines being perpendicular to said word lines.

12. A semiconductor memory device comprising:

a plurality of columnar semiconductor layers
each formed on a semiconductor substrate and
extended in one direction;

a plurality of gate electrodes each including a
first portion and a second portion, said first and
second portions extending in other direction
perpendicular to said one direction, said first
and second portions being formed to cross said
columnar semiconductor layer and sandwich
said columnar semiconductor layer from the top
and the bottom thereof via an insulating film,
said first and second portions being connected
to each other at end portions thereof;

a plurality of source diffusion layers and a drain
diffusion layers each source diffusion layer and
each drain diffusion layer being formed at both
sides of each said columnar semiconductor lay-
er, each said source layer and each said drain
layer being positioned at both sides of said
electrode;

a plurality of word lines each connected to cor-
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10

responding said gate electrodes; and

a plurality of bit lines each connected to corre-
sponding said drain diffusion layers, said bit
lines being perpendicular to said word lines.

13. A semiconductor integrated circuit device having a

transistor integrated on a semiconductor substrate,
said transistor comprising:

a columnar semiconductor layer formed on said
semiconductor substrate to extend in one direc-
tion;

a gate electrode including a first portion and a
second portion, said first and second portions
extending in other direction perpendicular to
said one direction, said first and second por-
tions being formed to cross said columnar sem-
iconductor layer and sandwich said columnar
semiconductor layer via an insulating film, said
first and second portions being connected to
each other at end portions thereof; and

a source diffusion layer and a drain diffusion
layer of said columnar semiconductor layer,
said source and drain diffusion layers being po-
sitioned at both sides of said electrode.

14. A manufacturing method of a semiconductor mem-

ory device having a first data state with a first thresh-
old voltage that excessive majority carriers are ac-
cumulated in said columnar semiconductor layer,
and a second data state with a second threshold
voltage that excessive majority carriers are dis-
charged from said columnar semiconductor layer,
comprising:

forming an musk pattern on a semiconductor
substrate to cover a portions where columnar
semiconductor layer will be formed;

etching said semiconductor layer to form said
columnar semiconductor layers;

burying device isolating insulation films at bot-
tom portions of device isolating channels;
deffusing one conductive type impurities into
said bottom portions of said channels and top
portions of said columnar semiconductor lay-
ers, to form source and drain diffusion layers;
forming gate insulating layers on top surfaces
and side surfaces of said columnar semicon-
ductor layers; and

forming gate electrodes on said gate insulating
layers.

15. A manufacturing method of a semiconductor mem-

ory device having a first data state with a first thresh-
old voltage that excessive majority carriers are ac-
cumulated in said columnar semiconductor layer,
and a second data state with a second threshold
voltage that excessive majority carriers are dis-
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charged from said columnar semiconductor layer,
comprising:

forming trenches in a semiconductor substrate

in a dense alignment in a first direction andin %
a thin alignment in a second direction perpen-
dicular to said first direction;

annealing said semiconductor substrate to
cause surface migration and thereby close up-

per openings of said trenches to form voids bur- 70
ied in said semiconductor substrate and ex-
tending in said one direction, from correspond-

ing said closed trenches;

forming a device isolating channels deeper
than said voids in a device isolating regions of 15
said semiconductor substrate to form active
layers each having said void passing through a
bottom portion thereof;

burying said device isolating grooves with de-
vice isolating layers to a depth not closing both 20
ends of said voids;

forming gate insulating films each including a
first insulating film on surface of said active lay-

er and second insulating film on the inner wall
surface of said void; 25
forming gate electrodes such that each said
gate electrode includes a first portion and a
second portion, said first and second portions
extending in other direction perpendicular to
said one direction, said first and second por- 30
tions being formed to cross said active layer,
said first portion being on said first insulating

film and said second portion being on said sec-

ond insulating film, said first and second por-
tions being connected to each other at end por- 35
tions thereof; and

forming source and drain diffusion layers in said
active layer in self alignment with said gate

electrode.
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